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ENCINFERINC DESIGN OF THF FRX-C EXPERTMFNT*

R. h’. Kewlsh, Jr. , R. R. Rartsch, R. E. Slemon

l.nfi Alnmofi Natlonnl Lahrrracrrry
Unlvernlrv nf

Los Alnmrrs,

Summnry

Resr:lrlll on Compfi{ r Tornld (CT) conflRurarlons has

hrrn Rrr;lrlv ncl~l~r;lcrd In the last frw vears hrrnun~
n f their pncrntiql f(,r provldln~ R practical nrrd

t.ti.t>n,~mlt.nl f,lsIlln qvscem. l,ori Alnmn* rr.~!.nrcl! Is hrlnK

cItn. ,.ntrnt,, rl o n rwf, Ivpe!l of trrnflgwrMtlnnH:

1) ma}. nt. ! izt.,!-t~iln-l~r(,,Ill[r~l Sphornmfiks (conflRur~rlnns

tllill tnn[dlln n mlxtllrr nf t,lrnldal and pnlnlrfnl

fll.l,+s), nnil ?) flrld-rrvrr~ed cr.n! Igurnrlrmm (FRCS)

rh,lc cent.lln pur’rlv p,,lo[rlnl ~npllPi 1( field. Thin

pnpl.r (fOfi(r’lhws rho deslkn l,f FRX-C, n flr=ld-rrversrd

! 11,.r:l r,lnt II uE1,I! tl, form FRt”s.

~v~l (.M [h.q, IJI 1,1!1
- ---- ____ .—

:() pl l\, l,!,, !11,, IWllllrt,l! F:.. tll{, lllrl;l-pln( }1 1111

(,! Ink! ’-” 11,1% lb’, , t,. t,(ls. vlllln\!r IN nppl 1!, (! n! “ ..:,

It,,!- 11!, \, I,ltll .11 wilt “VIII I will,. ” ❑llnpa, o! ,,411,., !,81

1~1,111,<, al,. <!, ,IL,:, I !1 11),. 1. 11,1, t,bll 1< !4’, (m ill,

:111!! ,’, ). t m In 11.llrf 1,, J,,lvlllf ,111 1111!11[l,lllt 1, 111 111(, ,,11,

‘rI,. ,S\.l, l ,,1 I ,iim4, n.: 1,111* c ! I !11, 1 (11 IV( !(,1’ pl;lll. ;I%+l,FIJIV

,11,, ‘~.’, r,,, ll.1, hv :’.!) m,, ! OI\. n,,, (11!4( hill~,l. I Ilh,, 1.

.,, -, ,. ,1. 111)81 If, P,.l,. l ?. 11111),.

. . . . . . .. . . . . . . ---
●!”.,,,~ 11,.1 I,llm., ! !llll!, ~l t 114, ;lll. !11, ,,.! ,91 I 11(,
!, .1:. Ih. p,!l tma.111 #lt } 11,.1).\,.

CaiIfnrnIa
#f 875fb5

For the In[tlnl operarlnn, thr ma[n hnnk, Fig. 2,

cnnnlnta of 140 capnclror~, ●ach hnvln~ ?.R IJf and

rated at fitl kt’. AI rhu ~ntlclpnred maximum nprrac InK
voltage nf ‘}5 kV, tlw mnln hnnk rnt.r~y Is hf~(l k.f. Enl II

raparltnr Is Rwlt(.llell ufiln~ n Scvl I,q[-tv p,,, fnllr

P Iemcnt rnmrnrir hpalh rrwltl t) Wllll a ferrlrr Innrfd
“~lRRV h~(k” c.rtwhnr ~wltt.h. J Rlsrtlme of chc mirln hnnk

rtlt rrnt Ifi - 5 US!.( nnd c1,., rrrrwhnr ilt.cnv tlmt. [H
- 300 UH.

Thr revrrrie hlns flrld, nrc.rq~arv rt)l- Fn(’

p,orfllttlnn, IF pour 1-..(1 hv n 1(I kt’, $]() k.1 ,flp,,, It,)r

hnnk . In[rlnl rrprrntlnn h.nN hem with 60? nf tht, hntlk,
nnrl rvnulls (n n rlsrrlmr rjf 116 ii+ri . Thr ftlll hl,l~

hank l= [ap{Il}lr of Rrnt.rfir lrry :1 !,t.vursc, hlns (J( \.11 k(:

mnhimllm.

(’11( 1111 llr~, I IJ)l 11,!l
. ..-. . . . . . . . .—

The, ( I!, It[l f(, r FRS-I’ W;IK ,IIIKI),,I,,, I Ilhlv, j, S( vl 1:1(

f II( tlnt)lt)~v ‘ 1,11 I Ila. Inril hnnb+. 1:,)111,,,),,,.,, t , ,1.:,. ,1 [11

t (,nurrut I it,rl wrlr Irfibm S(VI In, ,rIm, :PT-/,ll Oxlll, l Lnl,llt %.

Flp!llr I
“(;!11 I h’1,,,.” (,,1 1,., 1,!1 111,1!,.
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Svmt, em

thr main hank

uncd to cnnna-[, t

ttlr cnllectnr
pla!o. (mr tvpr of cartrld~c t.nnncrts h~lf nf the hank

fet,dlnR VnltaMt, to tht, Inwcr Elrfr of nnr Ri,ll wlnR, nnri
~ l,,) nthrr [ VII(, [,ol\na.t, t K I t}{, nchrr hnl[ of the hnnk
frf, dlnv v~jlt,-t~t. tn tho tip?t,r nlrlv nf t 11(, nthrr ~,111

win~. It IS In rhls m+rnnrr tl}c tnpn[lror hank volrnl:t,

In rl(. whlrrl nrnun(l the roll whrn t 11P 1.4p11(Ico,fi nro

d !s( Ilnrgvd, and prrmlrs nprrnrlnn wlrh thr chn rgr

p~llnrlrv nn ;Ill n! thr main hnnk Rnps whlrtl Elvi,s r ht,

wirivsr w[ndnk of IPpa,r;nt InF, rlJ1ldlr it)ns.

Ar!vnnr Ir.v* fIf HI, (II it,, nrrnngrmvnt n!,, rhnr nl I

t npn{ I r,,l % In I III, mn in hnnk inn ht. (llnrp.v(l I t) rhr K,nma,
II,, !III)I i,ll, ;In,! N I (>mtm,n tI IV,vrr Rv~r~m tnn hr IIHOII al III
(,111,.’ fllll, m,l..t 1,1 r.1 p . II!!. dlnndvnnrnv,4, l!! r 11111
,, I II I!ml IIIV hog {,ma~%:1 pl,,)hlom. nl(i p.r(NIIIItl II}! pr(,hlorn t:41s

t~al,ll SNllvq,al h., i<clint iny t I’4, Inpnt II Ill III( k~ f r(lm
bnl’ll,llll :Inll ;1I Inwl n,. I il~. rn( k~ r f) “1 Ionr” ri) Rt)m,.

1,,,1:,111 I;II hr!w,, rn YI,NII1,I nntl hnllk’ vlllrll~,. . Fllll 111, 1.,
I 1!1. If Ill ~.llllllltl Ilds hv[.!l drf Invd hv n v.rr MIN,l ~r rnp
,I,llmr.f II( :1 1 Iv 11,11 f WJII.O Il,lrwl.l.l, rh,. tI. f.,1 61flrb, nt I Ill,

I.l,lll,m I)( IIw I till n~ Mllrlwn In Flti. !.

1111,IIIPVCI qv%trm 1111 rlw mnln hnnk 1- pn[trrn~,,l
,1111,1 s, ill 1.7, ;11111 I(lIISIUI% ,)1 rl)!hl ~tll,mn~r,.r (SYI

y;l,l+, 1,:1, !, I 1 l~yl,r’lllb’ !fl () I :11) mn I II brink Rfill’1

Swill I!t. ,;. nl(l I.lla. r):v Hllllll o fill enl 11 btlhmn%! fir
. ,)11:,1 qt.: Ill I 1.11 9111111 r Ivnblru Uwrd nfl t,npn[ IIIIIK
( .11:,., ,,1 I(II ,.;1(11 Sw). H\r plll~r (rh;lr’~ I 11~ I ill, 311!111 4,

1 ,11,11... I 1)11111),1? I ill ):1. In{lll, lI)rN (Rllll 1111) f r(]m :: .I of
1,1111.I. I II-II ,,#, I :IP.11 I I III , rl!,, H,II II, ,1 , mhlr~ Will (11/11 Ku

11, 1.1 t lmv; I Ill. Vllltavt, (111 111[, . 7 IFI tnpnl 111}1.

Vl, ll.lb!v 11!1 111(, M,llll , ,. ( :11) 11.ti IPII1 Ill- oho~l! 101) kV.

v,,, ,1!1.:8, I 11!1!1 f ,.! 1111, <w II II IIlr RIC. mmfill, Il)r

I I Iv.fit.l Illil+t, fill 1 I 1111:01lily fhr rnnlll hank mpmlk Enlln

1 1!!.,,. V,, l v Illpldlv (ill k~/l,M) Wllll rnl rl lvlll

mlmlllfuu,,llv.

Risetlme for pulse char.qlng both the master and SM
gaps 1s on the order of 7 us. The “timlnR window” for
correctly firing the maater ia long ●nough, - 2 I.IS, au
that tlmlng does not present a problem.

Trlggerlng of the ferrite-loaded crowbar gaps

requires considerably more energy than triggering of

the mnln bank gapa. Figure 4 Ehwa the crowbar trlgRer

capacitor brink, which conalata of 16 capacitors, each

rated at .7 uf and ?5 kV. St nce crowbarrlnR of the
main bank ia cr{tlcal co the health of the machine, a
redundant trlRRt=r ❑yatem In used. Failure tn crowbar
the main bank can be potentially serloua alnce the

result may be: decreaned life of mRln ha.lk capacitors,
damaRe to Inaulatlon, or Wnrne, a ahactered dl~char~e

tube. The crowbar (C/fl) master Raps are dt charged hy
9eparate power ❑uppl le~ and each has Its own trlggcr
6ystem. Aa shown, each Cfl master trlgRerfi half the

crnwhar Raps on each n[de of the rnllertnr plare. In

the ● vent c! one C/t? master falllng, the nnlv

cnnaequenre 1s a ponrlv crow>.arrerl wavefnrm of the m:
hank.

~q:lence nf npt=rnrlnn fr,r main hank npcr,ir [on Iq
nR follnwh. Trl$$er Mflrx units, pul~e unlcs, magter
and SM capacltnr~, and main hank capacitors are cllar~ed
tn their respertlvr dc vnllagrs. TMn .qecnnd aft~,l
char~lng of the cnpar[tor hanks 1s cnmpierc, nptlcill
slpn~l~ Inlclnre nn H.\. plllsr tn hc~ln pulqr chnrplnp
nf thr S!I nnd nastel EatpH. %Vrn mlcrnfiuronds lat{.1,

At pcnk p~ll~r thnr~t,, all I)pt Icnl sIRnnl starts a ptllarr

Ilnlr rn trlRFrr tlle ma~rrr Rnp. Wlthln n frw tens [f
nanoaernnds, t 111, prlmarv Rnps hrgln rn rarr\n ttlrrrnt.

Ahnu! ~ onru larrr, nr prnk mn[n h;lnk tllrrti,rdr , r INS
r rnwhn r Uilps clnnr and lsnlnrr, th~, Innri cnll from tl)l,
main hnnk. Cllrrrnt In lhr lnnri rhen lir( flvs W1!ll Its

t.llnrnc.trrlsrl( I./Ii drcav IIm(..
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pinch PI and HInk Schem.lrl[
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fllnrk l)ln~r.~m [If :“omput-r (:nntrf)l Svstt.m

W1lI1 recent ndvfln~cfi III [Ihvr 011[ [, It-t hn8)l#bp .2,

! ha, l.llmilll I a.r t nn hIO hIIIIst, d in III: Fil!-Sl Ilt. lrf I,d r#lOm ;Im Il

ht. cntlplt. d tn CIIO nuLs Ide nnlv IIv 1 Ihrl (Ip[ 1( %. T,\

prottll r CMAC, A/l) vonvt.r[t, rc, :l!l, ! ~lrhi.r rf~,I [I ,Ir[,

I.leI trt>nl( eqlll~ellt , rllll pill SIp,n;ll.: ~!ll tll I !11.

ilI}!ll-V[)l I a}!r rxprr[mwnl ill al,t.,i 1111IV nfla,f 114,I 11),

hllff(.rvd hv n ?4 i’ t{, ?4 V r401;Iv svs[c,m, fl Irt,l-t,,l, (11.

h(, rh, 01 trnnsmlrterf npll(nllv. Inpllr SIFII;II< II Im f III,

rxpcrlment ;Irr clrhrr flltvri,, t Or hllftt.rt.d. 1 .11-I-I Ill

tnn~lrlt=r~t Ion Wn\ fl[vr!l I ,> vrfnltltl Inp rht. n,;lt t,int, I 0,

nv(,ltl lranslrn[-. nlc, pr IIIUI1 pl ;l; :1, Is 11 (.,! I I

Ilt 11 II Irk rr(nllld Ilt I1na, p,)inl tln’v :11111 h;).. “;ll m..” wf, i’ II

r;ldli~rr f rnrn rllnf orlr p,,lnl !0 dt,,,l wlff, rh,, pIIIIII IV- ,I!

prt, untl AI III PK.

T{) [ n~uru t Ilnf rlw h;lnks IIJV(, lp,, l;ltod pl,,lll.1 Iv

f I’lln’ SIIIII -10-s 111)1 ;1111! 1(1 ;11(1 In rrllllt)ll, %Il[lllf Inr L,!,,, :l

t ,1[ Iura.r; nt ~kl; , n ~\,ur~.m tt~ f!l,lrnf)<t It G 1+ !Isa,tf t,, f rfua,

( npnt 11111 hnnk Sv<ll. m. ~:1,,K ,:[,. ,,, ,1,, , 1 .1., .111

I 11,11-E I IIN VII] r IICI,S ilntf L.llf IIllr, ;lll, ! !i,lf 4. I $, 1111 1,1 18,1 b . , :1! ,,

mo!ilt(jlo,l hv r h!, tlmllllll 1,1 , hm\, r Ima. ISIII, l!f f 111,,.!,

sip, ll;ll~ fill!+ t)llf *1111, Ill (,!ll,ll. rml ,11,11 Ilml !.., I Ill,

t llm~tl!,.1 Wlli flllltlw fill ;lll. ,1[ h,.,l,,,. 1,, ,. .11181 ,.11,11 [ 1,,.

Hvslvm ,IIIW!I , %nfl.lv di+, 11,11,,1, !), .111 fllrl, -\, ,!:l .1,,1
Hvkfl,!rlh, %1%1 !11 !111, Hlpn:!l G 11! 11,, t I,nlb!l l!),

h;lllk..

, ;Il,,i$ ilrll

.11 ,, I’Ft,lll t Ill-anal ,1111 I 11>, t Ill, 1 fl.11 r,, , ,., Ir l!: t Ill.

,,l!,.l; ,1,)1 WI, (I , ;1,, In,ll, ,l; ll l,. 11111 1;11,. ,,11 :111!11 I %,, !ll,l. !1, ,..

A Hlplllfll 11111 Ila, u 19.1)1,111, l,! 1,:111) 111,1 ),11,1.,1 II . . 11.1,

111.I.I! ,1(!,1,.,1 11, FHN-I , n pill! mlllll I Ill %V .,1,,11’. 11,1~1,, 11.1,$

nlwn\, I. 1104.11 n l-c.tl~lllt.mt.:~t I .I kIIOIU f II*. 11,.1 l,?l”l,lll, ,, !! I

rnt II m., II bnni I mInI II III n., Ir h I. II I, IV. V I B: Gul I I lII,8f I ,,

I l!:, 11181:. lb. , mIIM.. ,,1 ,,,~r~ ,111,1 lt.,hnli ,11 ,111 f II Ihlt 1,. ...
pl,a\. :.1111, nrlompru o t rrlllll I Ill 1!!),, 1,11111 p:lf, 11! II 111 ),,

1 Hl;tl( If,,l hllllk Hvnlc.m !,nvt. 1,,.,.,) IPIII, I 1),111 UIl(,l,..<flll,

r),,. Mill, m(ti,lt ,,t +vqft, m ,UIIIIIINI.4 atl 711111.lll# ,11 Illlrllw,ll I

I IIIII,N II, dot,,, I 411111.111 III t,t;, of rht. Ii, ntl u .Il~l I,I. f I ,11-

9.,81 II mdl 1!1 hnnk tltllnl !! 111, k) All) a ,BI!VI.I IOt I nnml,l, ,n,
m[pnnlw f rtitm on, II 1,1,)1, Vvvl v ‘. ,..:. Mill.11 mtl I Ii 11,1111

roll, )l n nt v mlllllV 71,1!, I ‘\m. 1 Innlttll ,.1 hi,, vw.. I 118, I*,,1 f ,31.m;lll, ,.

III n] I III 11){. unl~u f)!) fbtl,. ,Ilul,l,lv. Al r ll,,,,)!l, Milmlll 111),
ml <,jttl ,Illlv Klvr UIIImn Imll, #lf It, n ,,1 PI*I I,ulmtt!jt v, IBNI,.
1 nil, n! n pln!t,r, ,Ifi.t rrml ,1,s I 1180v*.IIuI ;I I Ittllll It\, all .,

❑tlol ntld I hi. Will.! II [, pt.! l,lrmnl)t8 all atnr I IIIMII Iri,l .
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Monlrnr Pulsrs and tfnln Rnnk Wnvrform

FIom r;]rlv r~sults, It appears rhnt much n nvstem hn~
ht.ti,, dWrlllpt. rl (or FFfX-C. WI rh this svntem, hnnk

oprr; ltlnn and mnlntt, nan(. r WI 1 1 hc Implr)v-,1.

Fill Ill ,. (~r,ll 1,)11-. ----- -. ---—

ill I ‘II, III-.11 Ia. rr , :1 ?-11111( t, 1’1 Hvqtt,m , npllh 1(, 111

11111 .111 !1)’ ,1 ,11<, 11.11,,1 Ill, III flw \ kl; llmlf~ t,l th{,
1)1.11. q\,%l l-w b.111 11[, lll~lnlll. d. lll!i Hv~r t-m Will

rii,vl,lt, .I l“ ,1%1,1 111111-11!,1 1!1(!, III(B kA ,t!rrt.nt pill.ia,

111!!1 1118, :~-1 !11 1 ,.111 (11 l\, (, Gllllt 11114, (rst Imnll,ll

1 !111111I ,111, 1, I.( ,Jl). Ill,. ,,11,1 tlllnll. Ill 1111s Kvqlrlt

!1.1(,,. Ilvl,ll .l.:<,. ml,lf .,1 ;In, t I ,UI+I t.,!. I.lmllvtl (11. klpll W(, lk

.1 111! I,,lw(l <11! ,1,1,: 111..1 ,11 1;,1 1,),1 l,,l\,,. 11,.,.,, p,.1’f (Illn,.,1 I ,!

nllllw !111 1111, 111( Ill*il!lll, [f 111(111 1110(1 Ilv OMII,UI Imt,llf d I

11, s1111<, ,,1 m,ll r IIM, II, h; IIIlr I f Iolll!l :111(1 drlvrll

1111 lolls.

I: RY -l’ l.. ,brla, abf two ,. Kl, rI Imrl, f,i] mdtt lIlm.11 III I Ill,
,.Tv

f!lllll l\, II I I*. I Alnmt*!t, A Illtllltlr Irnttlla, III I III*
,..ry

14,1111\# I ,. I 11,. 1.’, m d I ,amv! v r V* rllllm V1.UWI I
4,111I,lsl, ul I,Y i’1 k{. II( mnvllvl Ii f Ir. lil rn[’r. l,! 1),. MIIII!I,,I
1!s 1.,,1 II ,, XI1,, I 1111,.1,1,,, ,,.: Ill,,, w,, [,, v[~. ~. 111 nhtull f w,,
,.,. ,,, ... {I fl,,l 1,1111,11 FM(” Xll,,ll,. pl, p 111111 I 111 I ,1111.

I l;lll.; 1.11 1,111 !Il I 11,. 1“11( , I,mpna I I 111(11,111 K8. I,PI n! VII 111 I 111,

I 111,1.1-p llll II (,,11 I Ill 1111,.1, ;1 I t nllnl t lI\u I flolll Ill Ill!,

, .IIta I. I 11111111111, :111,! I 11111;Ilnma,!!t VI- PIUI.I ((’TX lntik ).” b’1 I 1,
,1,1, I .1,1111$,, , II IIf Ilj.. mq,nt 0111! IWIII I 11~ III 111111,. 1811

(“”1–1 ,,111, 13111um. 1.. I .III h,. 414BI),, III n ulnt 1, mn}:llvl 1( I 11.1,1.

FI Rurr ~

Mnchlnc !.avout In CT!( Fn[ I Iltv

Rr f eron e~—.--— —

1. R. E. Slrm,)n nnd 1!. If. Kqrf!.th, “S(nllny, I.;IWS f,, r

FR(. For-milt lo!! nnd l]redl[ t Ion nf FRX-(” l’ar;lmotrr\, ”
Prt)t.rrrflnys of III(I Third Svmp{lsl!m on thr l’h\, sl( s

nnrl T,= I.llm Ili)R\, [1f Cnmratl lnrolcls, I,ns At;l~tt.,
lrlu(l, 1.(1s Almnok KiIt lnnnl I,nhf>r;lt i,rv I@p,?ll

1.AI’R-S711(W., []~H]), Il. 17:’.

“1. (’. t’. Ihmnri’ MIMIIf. F. (:rlhhl t,, “SCVI Im spnrk I,;II,
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